Abstract Wood-polyvinyl chloride (PVC) composites were prepared using industrial wood particles used for manufacturing three-layer particleboards. The effect of particle size (0.25-0.5, 0.5-1, 1-2, and 2-4 mm) on the mechanical properties of the composites was investigated. The effect of cross-section size (4 × 10, 6 × 15 and 8 × 20 mm 2 ) of composite pieces made by an injection moulding method was also studied. Both the particle size and specimen crosssection area significantly influenced these properties. The tensile and flexural properties as well as the impact strength in general increased with increasing particle size, and decreased with increasing cross-section size.
Introduction
Mechanical properties of wood plastic composites (WPCs) generally depend on the properties of their components and the ratio of these components. One of the factors affecting properties of a wood component is wood particle size. The effect of this factor on WPC mechanical properties was mainly evaluated for typical WPCs containing small wood particles (wood flour) or short wood fibres. WPCs with polypropylene (PP) (Zaini et al. 1996; Lee et al. 2001; Stark and Rowlands 2003; Khalil et al. 2006; Salemane and Luyt 2006; Kumari et al. 2007; Cheng et al. 2009; Pan et al. 2009 ) and high density polyethylene (HDPE) (Cui et al. 2008; Migneault et al. 2008 Migneault et al. , 2009 Bouafif et al. 2009) as the matrix were primarily studied. Results of some studies have shown that the effect of wood particle size on WPC mechanical properties was considerable, whereas others revealed that this effect was slight. For most tested WPCs an increase in wood particle size resulted in an increase in WPC mechanical properties, but in some cases there was a reverse tendency. The divergence of the results of these studies is difficult to interpret. It is due to many factors, mainly such as thermoplastic type, wood content, wood particle geometry, coupling agent type and content, and processing method. It can be concluded that the effect of wood particle size on WPC mechanical properties is not sufficiently clear.
Polyvinyl chloride (PVC) is increasingly being used as a matrix of WPC, in particular by manufacturers of windows and deck profiles. This composite has well enough mechanical properties and high moisture, fungi and UV radiation resistance. Furthermore, it is relatively inexpensive and allows for multiple processing. Recycled PVC waste from pipes, windows and sidings can be successfully used to produce wood-PVC composites. Mechanical properties of WPCs with PVC as the matrix have seldom been studied (Bledzki et al. 1998; Takatani et al. 2000; Xu et al. 2008 ) compared to WPCs with PP and HDPE. The effect of wood or natural fibre content was mainly considered. Only Takatani et al. (2000) evaluated the effect of wood particle size for WPCs with softwood flour and steam exploded beech flour using two sizes of wood particle: 0.125 and 0.841 mm. They found that the smaller particles gave better WPC flexural strength when softwood flour was the wooden component, and worse when a mix of softwood and steam-exploded beech flour was such a component.
Large-sized wood particles are seldom used as filler in WPCs, especially for the fabrication of WPCs by injection moulding. However, industrial wood particles with long length and a high length-to-thickness ratio were found to be useful for producing wood-PP (Bledzki and Faruk 2003; Gozdecki et al. 2006; Wilczyński et al. 2008 ) and wood-HDPE (Chen et al. 2006) composites. Using these particles improves the WPC mechanical properties, compared with typical WPC with wood flour.
The continual increase in the use of WPCs results in the need to create WPCs with particular properties. Such can be WPCs with large-sized wood particles. In this study, industrial wood particles used for manufacturing the face and core layers of particleboards were employed to make wood-PVC composites by an injection moulding method. The aim of the study was to assess the effect of particle size on the mechanical properties of these composites. The use of large-sized particles makes the WPCs more heterogeneous, therefore it was decided to consider also the size of cross-section of injection moulded pieces.
Materials and methods

Materials
The PVC used in this study was POLANVIL S-58 obtained from Anwil S.A. (Poland). Its bulk density was 0.595 g/cm 3 .
Industrial softwood particles used for manufacturing three-layer particleboards, fine particles for face layers and coarse particles for the core layer, were employed as raw wood material. They were supplied by Kronospan Szczecinek (Poland). Their fraction analysis is shown in Table 1. The particles were screened by an analytical sieve shaker using sieves of 5, 10, 18, 35 and 60 mesh to obtain four particle sizes: (1) very small, S1, 0.25-0.5 mm; (2) small, S2, 0.5-1 mm; (3) large L1, 1-2 mm; and (4) very large L2, 2-4 mm. The screened particles are shown in Fig. 1 . Dimensions were measured for 200 randomly selected particles of each size, and length-to-thickness and width-to-thickness ratios were calculated to obtain particle geometric characteristics. Particle bulk density was also determined. Mean values of these parameters are listed in Table 2.
Sample preparation
All the particles were dried at 80°C in an air-circulation oven for 24 hours before mixing in order to achieve a moisture content of less than 3%. Next the particles were mixed with PVC at 40% by weight. Test specimens were made by injection moulding using a screw injection moulding machine. The temperature profile was 140, 175 and 180°C. The injection pressure time, hold pressure time and cooling time were 3, 6 and 40 s, respectively. To minimize mechanical degradation of particles during moulding, the diameter of the injection die was enlarged to 4.5 mm, and the diameter of the sprue bush to 8 mm. The cross section of the runner and the gate was 10 × 10 mm 2 and 6 × 6 mm 2 , respectively. For determining the effect of cross-section size of injection moulded pieces, three cross-section areas were assumed: (1) 4 × 10 mm 2 ; (2) 6 × 15 mm 2 ; and (3) 8 × 20 mm 2 . Specimens with these three cross-section sizes were made. Dimensions of those of 4 × 10 mm 2 crosssection were according to EN ISO 527, and dimensions of those of 6×15 mm 2 and 8×20 mm 2 cross-sections were adequately larger. After processing the specimens were stored in controlled conditions (50% relative humidity and 20°C) for two weeks prior to testing.
Methods of testing
The mechanical properties of the obtained WPCs were evaluated according to standard procedures. Tensile and flexural properties were determined according to EN ISO 527 and EN ISO 178, respectively, using an Instron 3367 machine. Cross-head speed was 2 mm per min. Unnotched Charpy impact strength tests were conducted according to EN ISO 179 with PSd 50/15 impact test device. Ten replicates were run for each test. All tests were performed at room temperature (20°C) and at constant relative humidity (50%).
Results and discussion
ANOVA analysis
Mean values of the tensile modulus and strength, flexural modulus and strength, and impact strength of tested WPCs are given in Figs. 2-6 . Two-way analysis of variance (ANOVA) was conducted to determine the significance of the effects of particle size and cross-section size on the WPC mechanical properties (Table 3) . Results of this analysis show that all mechanical properties vary significantly with particle size and specimen cross-section size. The interaction between these two variables is significant only for the flexural strength.
3.2 Effect of particle size Specimens of different cross-section size and the same wood particle size were included in one group. The mean values of mechanical properties for these groups are presented in Table 4 . Tukey's test was applied to evaluate the statistical significance between mean values of mechanical properties of WPCs with different particle sizes. Values with the same letter for given property are not significantly different at the 5% significance level.
The WPC tensile and flexural properties increase gradually with increasing particle size from S1 to L1 and decrease with increasing particle size to L2 (Table 4 , Figs. 2, 3, 4, and 5). Values of these properties for the WPC with L2 particles are greater than those for the WPC with S2 particles. The tensile modulus and strength of WPCs with larger (L1 and L2) particles are on average 12% and 11% greater, respectively, than those of WPCs with smaller (S1 and S2) particles. The relative difference between the tensile properties of WPCs with larger and smaller particles does not depend on specimen cross-section size.
The flexural modulus and strength of WPCs with larger particles are on average greater by 11% and 18%, respectively, than those of WPCs with smaller particles. For the flexural modulus the relative difference between values of WPC with larger and smaller particles was greatest when this modulus was determined using specimens of Mean values with the same letter for given property are not significantly different at the 5% significance level 4 × 10 mm 2 cross-section. For flexural strength this difference was almost the same as when it was derived from testing the specimens of different cross-section size.
Regarding the impact strength, the composite made of the smallest particles showed the lowest value (Fig. 6) . The other three groups had a higher score, and showed no significant difference (Table 4 ). The impact strength of WPCs with larger particles is on average 9% greater than that of WPCs with smaller particles. The relative difference between the impact strength of WPCs with larger and smaller particles is greatest in determining this strength using specimens of 8 × 20 mm 2 cross-section.
The increase in the mechanical properties of tested WPCs with increasing wood particle size is a result of particle geometry. According to the mechanics of fibre-reinforced composite materials, one important factor affecting their mechanical properties is fibre aspect ratio defined as fibre length-to-thickness ratio. Fibres with a higher aspect ratio enhance stress transfer from the polymer matrix to the fibres and finally improve the composite mechanical properties. Values of this ratio for wood particles used in the study were 20.2 and 21.4 for L1 and L2 particles, respectively, and 14.9 and 16.3 for S1 and S2 particles, respectively (Table 2). Improving the WPC mechanical properties by particles with a higher aspect ratio was also observed for wood-PP (Zaini et al. 1996; Stark and Rowlands 2003) and wood-HDPE (Migneault et al. 2008 (Migneault et al. , 2009 composites.
The tensile and flexural properties of tested WPCs with L2 particles are smaller than those of WPCs with L1 particles. The relative decreases are on average 7% and 5% for the tensile and flexural properties, respectively. These increases are probably due to the fact that too-large particles were breaking during the processing.
Effect of cross-section size
The effect of specimen cross-section size on WPC mechanical properties is presented in Figs. 2-6 . In general, the properties derived from specimens with greater cross-section have lower values. Tensile, flexural and impact properties decrease gradually when cross-section size increases from 4 × 10 to 8 × 20 mm 2 . Only for the WPC with S1 particles is the flexural modulus derived from the specimens of 6 × 15 mm 2 cross-section slightly greater than that determined using the specimens of 4 × 10 mm 2 cross-section.
WPC tensile modulus and strength derived from the specimens of 8 × 20 mm 2 cross-section are on average 11% and 17% smaller than those derived from the specimens of 4 × 10 mm 2 cross-section. The decrease in the tensile modulus is almost the same for WPCs with different wood particle size. The decrease in the tensile strength is greatest for the WPC with L1 particles.
WPC flexural modulus and strength derived from the specimens of 8 × 20 mm 2 cross-section are on average 6% and 16% smaller than those derived from the specimens of 4 × 10 mm 2 cross-section. The decrease in the flexural modulus is greater for WPCs with larger wood particles. The decrease in the flexural strength for WPCs with S2 and L1 particles is greater than that for WPCs with S1 and L2 particles.
The increase in specimen cross-section size results in a considerable decrease in WPC impact strength. This strength derived from the specimens of 8 × 20 mm 2 crosssection is on average 22% smaller than that derived from the specimens of 4 × 10 mm 2 cross-section. The decrease in this strength does not depend on wood particle size.
Standard deviations in the study results are affected by specimen cross-section size. In general they are lower for the results derived from testing specimens with larger crosssection. The decrease in standard deviations with increasing cross-section size is greater for WPCs with larger particle size. Standard deviations are also affected by wood particle size. They are generally higher when the particles are larger. Their increase with increasing particle size is highest for the results derived from specimens with the smallest cross-section. Summing up, the larger the cross-section size and the smaller the particle size, the lower the standard deviation. So, it is preferable to use specimens with a crosssection larger than a standard cross-section of 4 × 10 mm 2 to determine the mechanical properties of WPCs with larger particles.
Conclusions
Industrial wood particles used for manufacturing three-layer particleboards can be a good raw material to make composites with PVC by an injection moulding method. These WPCs have good mechanical properties, which depend on particle size and the cross-section area of injection moulded pieces. The large-sized particles, used for manufacturing a core particleboard layer, provide better WPC properties than the small-sized particles used for manufacturing face particleboard layers. This is a result of the greater aspect ratio of larger wood particles. The mechanical properties derived from testing specimens with a larger cross-section area are in general lower, but show a lower standard deviation.
